Recent human functional magnetic resonance imaging studies (Summerfield C, Trittschuh EH, Monti JM, Mesulam MM, Egner T. 2008. Neural repetition suppression reflects fulfilled perceptual expectations. Nat Neurosci. 11:1004Neurosci. 11: --1006 showed that adaptation or repetition suppression is affected by contextual factors related to perceptual expectations, suggesting that adaptation results from a fulfillment of perceptual expectation or a reduction in prediction error. This view contrasts with the bottom-up fatigue or sharpening mechanisms of adaptation proposed in single-cell studies. We examined whether stimulus repetition probability affects adaptation of spiking activity and local field potentials (LFPs) in macaque inferior temporal (IT) cortex, using a protocol similar to that of Summerfield et al. Monkeys were exposed to 2 randomly interleaved trials, each consisting of either 2 identical (rep trial) or 2 different stimuli (alt trial). Trials were presented in repetition (rep) blocks consisting of 75% of rep trials and 25% of alt trials or in alternation (alt) blocks having opposite repetition probabilities. For both spiking and LFP activities, the stimulus-selective adaptation did not differ significantly between rep and alt blocks. The number of preceding rep or alt trials and the trial position within a block did not affect adaptation. This absence of any effect of stimulus repetition probability on adaptation suggests that adaptation in IT is not caused by contextual factors related to perceptual expectation.
Introduction
The responses of many neurons in the macaque inferior temporal (IT), a visual cortical area coding for object properties, decrease with stimulus repetition (Gross et al. 1967 (Gross et al. , 1969 Baylis and Rolls 1987; Miller, Gochin, and Gross 1991; Miller, Li, and Desimone 1991; Riches et al. 1991; Sobotka and Ringo 1993; Vogels et al. 1995; Sawamura et al. 2006; McMahon and Olson 2007; Verhoef et al. 2008; Liu et al. 2009; De Baene and Vogels 2010) . This ''repetition suppression'' (Desimone 1996) or ''adaptation'' effect (Ringo 1996) has recently aroused interest because of the widespread use of adaptation paradigms in human functional magnetic resonance imaging (fMRI) studies (Grill-Spector et al. 2006 ). An understanding of the mechanisms of adaptation is essential for the interpretation of fMRI adaptation studies.
Recent studies suggest that adaptation of macaque IT neurons depends on suppression of the input of the neuron and/or synaptic depression (Sawamura et al. 2006; Liu et al. 2009; De Baene and Vogels 2010) , at least in adaptation paradigms using stimulus presentations 500 ms or less in duration or <1 s interstimulus intervals. Such ''input fatigue'' is assumed to be driven by bottom-up mechanisms or by synaptic changes in the local network. In contrast, a recent alternative model of adaptation stresses the role of top-down factors in generating adaptation (Friston 2005; Summerfield et al. 2008 ). In that model, adaptation is a consequence of the fulfillment of perceptual expectations or of a reduced mismatch between expected and observed percepts, that is, the prediction error. Thus, adaptation should occur when the subject expects that a stimulus will be repeated (low prediction error), and there should be diminished or no adaptation when the repeated stimulus is unexpected (large prediction error).
The ''perceptual expectation'' model of adaptation predicts that adaptation depends on contextual factors that determine expectation. A recent human fMRI study (Summerfield et al. 2008) confirmed this prediction by showing that blood oxygen level--dependent (BOLD) adaptation in the fusiform face area (FFA) was greater in blocks in which repetition of a face was more frequent than in blocks where repetition was improbable. Thus, the occurrence of adaptation in this visual cortical area depended on stimulus repetition probability, a parameter related to statistical temporal regularities in the flow of visual information across several trials. This strong contextual effect cannot be explained by the input fatigue mechanisms postulated by fatigue models of adaptation (Grill-Spector et al. 2006; De Baene and Vogels 2010) or other mechanisms (Grill-Spector et al. 2006 ) that rely on bottom-up factors. Because the computation of repetition probability requires the integration of information across several trials, it is also unlikely that repetition probability effects on adaptation depend on local computations in visual cortical areas that very likely have a rather limited temporal integration span. Given the challenge that the Summerfield et al. (2008) data presents to the ''bottom-up'' explanations of repetition suppression, we decided to examine the effect of repetition probability on adaptation in macaque IT. Following Summerfield et al. (2008) , we measured adaptation using single-unit spiking activity and local field potentials (LFPs) in IT to compare blocks with high and low probabilities of stimulus repetition. We employed the same timing parameters and repetition probabilities as those in the Summerfield et al. (2008) fMRI study. Unlike most studies of repetition suppression in macaque IT but as in the Summerfield et al. (2008) and most human fMRI adaptation studies, each trial consisted of novel stimuli. This also allowed us to assess adaptation in the spiking activity and LFPs under trial-unique stimulus presentation conditions that are directly comparable with those employed in most fMRI adaptation studies.
Materials and Methods

Subjects
Three rhesus macaques (Macaca mulatta; 1 male monkey G, left hemisphere, and 2 female monkeys M, right hemisphere, and K, left hemisphere, weighing 7.6, 5.3, and 6.7 kg, respectively) served as subjects. Before the present study, monkey G had served as a subject in the adaptation study of De Baene and . The other 2 animals had not previously participated in any study using adaptation paradigms. Animal care and experimental procedures met the national and European guidelines and were approved by the Ethical Committee of the K.U. Leuven Medical School.
A custom-made plastic headpost and plastic recording chamber (Crist Instruments) were fixed to the monkey's skull with acrylic cement and ceramic screws. The surgical implants were performed under aseptic conditions and gas anesthesia (mixture of 1.5 MAC isoflurane and 50% N 2 O/50% O 2 ). The placement of the recording chamber was guided with a preoperative magnetic resonance imaging (MRI) scan and verified with MRI scans obtained at the beginning and during the course of recording sessions. Reliable estimations of the recording positions were obtained by the visualization of glass capillaries filled with the MRI opaque copper sulfate (CuSO 4 ) inserted into the recording chamber grid (Crist Instruments) at predetermined positions.
Recording positions were estimated based on the MRI visualization of these markers and by using the positions of blood residue from guide tube insertions combined with the microdrive depth readings of the white/gray matter transitions relative to the grid base. The recording locations included the lower bank of the superior temporal sulcus (STS) and the lateral convexity of the IT cortex. The anterior--posterior coordinates of the recording positions ranged, respectively, between 17 and 21 mm, 11 and 15 mm, and 12 and 17 mm anterior to the auditory meatus in monkeys G, M, and K. Although these anterior--posterior Horsley--Clarke coordinates of the older, male monkey G did not overlap with those of the 2 female monkeys, the recording locations relative to anatomical landmarks were similar in the 3 animals. For instance, the recording locations overlapped considerably when referenced to the amygdala (the most posterior extent of the amygdala was at 19, 14, and 16 mm anterior in monkeys G, M, and K, respectively). The medial--lateral coordinates ranged between 20 and 23 mm, 18 and 22 mm, and 19 and 24 mm lateral to the midline in monkeys G, M, and K, respectively.
Recordings
Apparatus and recording procedures were identical to those of De Baene and . LFPs and spikes were recorded simultaneously from the same microelectrode using a Plexon data acquisition system. The recordings were performed with epoxy-coated tungsten microelectrodes (FHC Inc., approximately 1 MX impedance in situ) lowered with a Narishige microdrive through a guide tube that was fixed in a Crist grid. Action potentials of single neurons were isolated online using a ''time-window discriminator'' provided by a Plexon data acquisition system (Plexon Inc.). The grounded guide tube served as the reference. Recorded signals were preamplified with a headstage having an input impedance of >1 GX. The signals were split into spiking activity (band-passed signal between 250 and 8 kHz) and LFPs (band-passed signal between 0.7 and 170 Hz sampled at 1 kHz). Eye position was measured online with an infrared-based eye tracking system (ISCAN EC-240A, ISCAN Inc.; 120 Hz sampling rate). The analog eye movement signal was saved using a sampling frequency of 1 kHz. Timings of isolated single units, eye positions, stimulus, and behavioral events were stored for later off-line analysis. We monitored the stimulus-triggered LFP online that proved to be very useful for localizing responsive regions in IT.
Stimuli
We employed 2 sets of stimuli, comprising fractal patterns (Fig. 1A) and composed of images of existent objects (natural stimuli; Fig. 1B ). Our experimental design required that each stimulus was never repeated across trials or sessions for any given animal (see below). This necessitated a large number of stimuli. To meet this requirement, we generated thousands of different fractal patterns using the fractalbased algorithm of Miyashita et al. (1991) . This algorithm also allowed us to adjust the stimulus complexity by changing the fractal parameters. We chose the fractal stimulus set because each fractal stimulus contains multiple features, textures, and colors and thus drive IT neurons relatively well.
A disadvantage of the fractal set is that the images are artificial, unlike the face stimuli employed in the Summerfield et al. (2008) study. To address this issue, in subsequent recording sessions, we employed a wide variety of natural images as stimuli. These natural images were partially collected from the open image database LabelMe (Russell et al. 2008) , while the remainder was provided by Google Image Search service (Google Inc.). The collected images were visually inspected to include only images of existing objects, excluding any artificial and artistic drawings. The stimulus set included a wide selection of different categories, for example, human and animal faces, human and monkey bodies, animals, indoor and outdoor environments, natural landscapes, and manmade objects. All images were resized to meet the stimulus size constraint, and their borders were smoothed using a circular ramp function window. Both fractal and natural stimuli were in color and subtended approximately 5°of visual angle. As in the main experiment of Summerfield et al. (2008) , the adapter and test stimulus sizes were equated. The stimuli were presented on a uniform gray background in the center of a CRT display (frame rate 60 Hz) positioned 61 cm from the subject's eyes.
Monkey G was tested with both stimulus sets, while monkeys M and K were tested with only fractals and natural stimuli, respectively.
Experimental Design and Tests
Search Test
The aim of this test was to find neurons in IT that were responsive to the stimuli of 1 of the 2 sets. The search test was always launched first when a new recording session started. As soon as spiking and LFP responses to the stimuli were detected in the targeted region (lower bank of STS or lateral convexity of IT), we stopped advancing the electrode, isolated a neuron, and tested it in the adaptation test. The search test was restarted after collecting the desired data in the adaptation test or when the neuron was lost.
A trial in the search test started with the onset of a red target square (size: 0.17°), shown in the center of the display, that the monkey had to fixate. After 500 ms of stable fixation, a stimulus was presented for 300 ms. The animal had to maintain fixation during the stimulus presentation and for 300-ms poststimulus in order to obtain a fluid reward. We presented a total of 30 stimuli from either the fractal or natural image sets, in a random order across trials. These stimuli were randomly selected from previously presented fractal or natural images. The same images were used in several recording sessions but were occasionally replaced by new stimuli.
Adaptation Test
Following the Summerfield et al. (2008) experimental design, 2 stimuli, adapter and test, were presented for 250 ms each, separated by a blank screen for 500 ms. The stimuli within a trial were either the same (repetition/rep trials; Fig. 2A ) or different (alternation/alt trials; see Fig.  2B ). As in the Summerfield et al. (2008) study, stimuli were not repeated across trials. Subjects were required to maintain fixation from 500 ms prior to stimulus onset until 300 ms after the stimulus ended. Continuous fixation in this 1800-ms interval was followed by a fluid reward. Any break in fixation during this interval aborted the trial. The fixation window sizes ranged from 0.9 to 1.5°horizontally and 1.3 to 1.8°vertically. Aborted trials were not used for online computations of the proportions of rep and alt trials within a block and were not analyzed further. The time interval between the test stimulus end and adapter stimulus onset for the next trial or, in the case of aborts, between the end of the stimulus and the beginning of the adapter stimulus of the next trial varied across trials since it depended on the oculomotor behavior of the animal between trials. The medians of these time intervals ranged from 1789 to 2691 ms across monkeys and stimulus sets, with minima ranging from 1159 to 2220 ms. These values are well above the 500-ms interstimulus interval of a stimulus sequence and overlap with the 2--4 s range used in the fMRI study of Summerfield et al. (2008) .
As in the study of Summerfield et al. (2008) , both types of trials were presented in 2 types of blocks: one in which the probability of rep trials was high (75% of trials, rep block) and one in which the probability of rep trials was low (25% of trials, alt block). The proportions of rep and alt trials in the 2 block types are identical to those used by Summerfield et al. (2008) . Each block consisted of 40 unaborted trials, twice as many as in the Summerfield et al. (2008) study. Each block started with 5 trials of the same type as the high-probability trial of that block (e.g., the first 5 trials in a rep block were rep trials). In the Summerfield et al. (2008) study, only the first 2 trials were of the high-probability type. Note that both differences with respect to the Summerfield et al. (2008) study are expected to increase the build-up of an expectation of stimulus repetition, and thus should have increased the strength of the repetition probability effect. Except for the first 5 trials, the 2 trial types were presented in a random order. Rep and alt blocks alternated within a test. A minimum of 6 blocks (median = 10) were tested for each neuron/site. The order of the blocks was counterbalanced across recorded cells/sites. The switch between blocks was signaled by presenting 5 trials in which the screen was filled with 1 of 5 colors (blue, yellow, green, orange, and purple). Those trials had the same timing parameters as the adaptation trials, except that instead of 2 stimuli, only one color field was shown for 300 ms during maintained fixation.
Data Analysis
Spiking Activity
Responses in the first 5 unaborted trials of a block were excluded from analyses, unless otherwise stated. For each unaborted trial, baseline firing rate was measured within a 250-ms time window that started 250 ms before stimulus onset. Firing rates for the adapter and test stimuli were computed within 250 ms windows starting 50 ms after stimulus onset. A neuron was considered to be responsive if the mean firing rate to the adapter, averaged across unaborted trials, was significantly greater than the average baseline firing rate (paired two-sided t-test, P < 0.05). Only thusly defined responsive neurons were analyzed further.
For each neuron, we computed 4 adaptation indices (AIs): one for rep and one for alt trials tested in rep and alt blocks, respectively. This index was computed as follows:
where S1 and S2 are the mean gross responses to the adapter and test stimuli, averaged across unaborted trials of the same type and across blocks of a particular type. Note that this index, computed on gross responses, will produce larger AI indices than those of Sawamura et al. (2006) and De Baene and Vogels (2010), since the AI indices in these studies were computed using net, baseline-subtracted responses. For analyses in which we selected trials as a function of particular parameters (e.g., number of preceding rep trials), we computed an adaptation metric for each trial. For these analyses, we employed a different index which we will label the adaptation contrast (AC) index, since it is related to the Michelson contrast measure. It is defined as follows:
; with S1 and S2 being the gross firing rate for the adapter and test stimulus in an unaborted trial, respectively. The AC index has the advantage that is symmetrical around zero, that is, equal absolute indices when the relative differences in responses to both stimuli are of the opposite sign. We related the AC values to parameters such as the number of preceding trials of a particular type or the position of a trial within a block. This was done using robust linear regression analyses to protect against outliers. For the robust regression, we employed the Matlab function ''robustfit'' with default parameter values. To increase the statistical power of these regression analyses, we pooled trials across animals and stimulus sets, but results were similar to those obtained when each animal and stimulus set was analyzed separately. To compute the number of preceding rep or alt trials, we took those trials in which test and adapter stimuli were shown, but breaks in fixation were allowed after the test stimulus ended. We also included the first 5 trials of a block in this analysis. These regression analyses were performed using the trials in all blocks of a particular type and also using the trials of only the first block for each neuron. The latter prevents contamination of the expectation in the current block by the expectation build-up in the previous blocks.
Note that response in the following text refers to gross firing rates, unless otherwise stated.
LFPs
LFPs were filtered offline with a digital 50-Hz notch filter (48--52 Hz fourth-order Butterworth FIR filter; Fieldtrip Toolbox, F.C. Donders Centre for Cognitive Neuroimaging, Nijmegen, The Netherlands; http:// www.ru.nl/fcdonders/fieldtrip). Trials in which the signal was <5% or >95% of the total input range were excluded. The spectral analysis of the LFPs was based on a time--frequency wavelet decomposition of the signal between 10 and 100 Hz. By convolving single-trial data using complex Morlet wavelets (Tallon-Baudry et al. 1997 ) and taking the square of the convolution between the wavelet and signal, the timevarying power of the signal for every frequency was obtained. Averaging spectral maps (power as a function of frequency and time) across trials for a given site produces a spectral map of that site. The complex Morlet wavelets had a constant center frequency--spectral bandwidth ratio (f 0 r f ) of 7, with f 0 ranging from 10 to 100 Hz in steps of 1 Hz. To avoid overlap of estimated powers for the adapter and test stimuli using long-duration wavelets (2r t > 250 ms), the frequencies below 10 Hz were excluded from the analysis.
The spectral maps of sites were normalized at each frequency by the average power within the baseline window of 200 ms before adapter onset. The LFP power responses to the adapter and test stimuli were computed by taking the average normalized power in a 50--300 ms response window relative to stimulus onset over each of 3 different frequency bands: the beta (12--25 Hz), the low-gamma (25--60 Hz), and high-gamma (60--100 Hz) bands. The frequencies above 100 Hz were not examined due to the increasing possibility of a contribution of lowfrequency components of spiking activity at these higher frequencies (Liu and Newsome 2006; Ray et al. 2008 ).
Analysis of Eye Movements
We analyzed the saccadic frequencies and their amplitudes. To detect (micro)saccades, we employed the method proposed by Engbert and Kliegl (2003) which has been applied in several recent studies (e.g., Fries et al. 2008; Ayzenshtat et al. 2010; Franko et al. 2010) . The Matlab scripts implementing it are available on Internet (Engbert and Kliegl 2003 ; Department of Psychology, University of Potsdam, Germany; http://www.agnld.uni-potsdam.de/~ralf/MS/). In brief, horizontal and vertical eye position traces were low-pass filtered ( <40 Hz, fifth order Butterworth filter, Matlab; Fries et al. 2008 ) to remove high-frequency noise and then differentiated in time to obtain eye velocity. An eye movement lasting at least 16 ms and of which the velocity exceeded 3 standard deviations of the eye velocity distribution of the trial (Fries et al. 2008; Franko et al. 2010 ) computed within the time interval of -500 to 1300 ms with respect to adapter onset was classified as a saccade. The additional constraint was that any 2 successive saccades had to be separated by a time interval of at least 50 ms (Ayzenshtat et al. 2010 ) to avoid noisy fluctuations over the eye movement signal. Otherwise, the second saccade was discarded in favor of the first. We analyzed both the saccadic rates and amplitudes that were detected in the same 2 analysis windows as those used for the spiking data analysis. In agreement with previous studies (Engbert and Kliegl 2003; MartinezConde et al. 2009 ), saccadic peak velocities correlated with saccadic amplitudes for each combination of animal and stimulus set (all Pearson correlation coefficients r > 0.90, all P values < 0.001).
Results
We measured the spiking activity and LFPs in IT cortex in trials in which either 2 identical stimuli (rep trials) or 2 different trials (alt trials) were presented. The critical manipulation was the probability of these 2 types of trials: in rep blocks, rep trials occurred frequently while in alt blocks, alt trials were dominant. Based on the Summerfield et al. (2008) fMRI study and the perceptual expectation model of adaptation, we predicted greater adaptation in the rep compared with the alt blocks, since in the latter blocks repetitions were rare and thus unexpected.
Effect of Stimulus Repetition Probability on Single -Cell Spiking Activity Figure 3 shows population peristimulus time histograms (PSTHs) of the responses of the IT neurons in each of the animals tested with either fractal (N = 98 neurons) or natural (N = 55 neurons) stimuli. To construct these population PSTHs, the responses of each neuron were averaged across trials for a particular trial and block type, and these PSTHs were then averaged across neurons for each monkey and stimulus set separately. Note that the responses to the adapter stimuli were highly similar for the 2 blocks and trial types. Indeed, averaging across the large number of stimuli and neurons effectively removed differences between conditions that are due to the use of trial-unique stimuli in combination with the well-known selectivities of IT neurons for these kinds of stimuli. This is important since it implies that any differences between the responses to the test stimuli for the 2 trial types or blocks cannot be attributed to stimulus-specific responses to the trialunique stimuli.
The population PSTHs show decreased responses to repeated stimuli, that is, repetition suppression or adaptation. Note that adaptation was present from the start of the average response to the test stimulus. This was the case in each animal and for both stimulus sets (for statistical testing, see Supplementary Material) . The responses to a test stimulus were stronger when that stimulus differed from the adapter stimulus (alt trials) compared with when it was the same (rep trials). This shows that the repetition suppression in these neurons is stimulus-dependent. Stimulus-dependent adaptation was present in each animal and for both stimulus sets. Interestingly, the difference between responses to test stimuli in rep and alt trials increased during the course of the response. Importantly, the responses and their time courses in rep and alt trials were very similar in rep and alt blocks. This was true in each animal and for both artificial and natural stimuli. Thus, single IT neurons showed similar degrees of adaptation in rep and alt blocks, despite the difference in repetition probability between the 2 types of blocks.
For each neuron, we computed the percent of adaptation (AI index) for the mean responses in rep and alt trials for the 2 types of blocks. The distributions of the AI indices are shown in Figure 4 . In rep blocks, the median AIs were larger in rep than in alt trials for both fractal (median AI across neurons of both animals: rep trials 17% vs. alt trials 8%) and natural stimuli (median AIs: 16% vs. 9%). The same was true in alt blocks: the median AIs for fractal stimuli were 17% and 7% for rep and alt trials, respectively, while for the natural stimuli, the medians were 16% and 6%, respectively. Adaptation in rep trials did not differ significantly between rep and alt blocks for fractal (median AIs across neurons of both animals: rep blocks 17% vs. alt blocks 17%; Wilcoxon matched pairs test, not significant) and natural stimuli (median AIs: 16% vs. 16%; Wilcoxon matched pairs test, not significant). Two-way analyses of variance (ANOVAs) of the AIs with block and trial types as repeated factors confirmed these analyses: for each animal and stimulus set, the main effect of trial type was significant (P < 0.05), while neither the main effect of block nor the interaction between the 2 factors was significant. The same was true when monkeys and stimulus sets were combined into a single twoway ANOVA design (N = 153 neurons): main effect of trial type: P < 0.0005; main effect of block: P = 0.59; interaction: P = 0.25.
Effect of Stimulus Repetition Probability on LFPs
The above findings demonstrate that repetition suppression of IT single-unit spiking activity is unaffected by stimulus repetition probability. This contrasts with the smaller BOLD repetition suppression in alt compared with rep blocks as reported by Summerfield et al. (2008) . One possible explanation of this discrepancy is that BOLD responses appear to correlate more strongly with LFPs than with spiking activity (Logothetis et al. 2001; Viswanathan and Freeman 2007; Maier et al. 2008; Rauch et al. 2008 ). Thus, we examined the effect of block type on repetition suppression of LFPs. LFPs were measured in 137 sites (92 sites in monkey G and 45 sites in monkey M) using fractals and in 55 sites (25 sites in monkey G and 30 sites in monkey M) using natural stimuli. The LFPs were recorded in the same IT regions where we recorded single units. For all of 153 recorded single neurons, we have simultaneous LFP recordings. In addition, we have 39 LFP sites in which spiking activity was either multiunit or unresponsive. Figure 5 shows the mean normalized power as a function of time and frequency for rep and alt trials in each of the 2 blocks for fractal stimuli tested in monkey G (N = 92 sites). The time--frequency plots for the other monkeys and natural stimuli are shown in Supplementary Figures 1, 2 , and 3. Consistent with De Baene and Vogels (2010), adaptation was present mainly for the frequencies above 60 Hz. This adaptation effect was stronger in rep (Fig. 5A,B ) than in alt (Fig. 5C,D) trials. Importantly, the time--frequency plots for rep (Fig. 5A) and alt (Fig. 5B) blocks were very similar, indicating that the block type does not affect LFP repetition suppression. Inspection of the stimulus-locked averaged evoked potentials (see Supplementary Fig. 4 ) also showed no effect of block type. We quantified adaptation for the beta (12--25 Hz), low-(25--60 Hz), and high-gamma (60--100 Hz) power of rep and alt trials in the 2 blocks. In agreement with De Baene and Vogels (2010), there was no consistent repetition suppression in the beta and low-gamma bands. In fact, for these bands, median AIs were mostly negative, indicating enhancement instead of suppression with repetition. There was neither a significant effect of block type nor an interaction with the block factor for the beta and low-gamma bands in any of the animals or stimulus sets (see Supplementary Material) .
Distributions of the AIs for the high-gamma (60--100 Hz) power are shown in Figure 6 . For fractals tested in rep blocks, the median AIs were greater in rep (median AI across sites of both monkeys: 9%) than in alt trials (median AI: 4%). Importantly, the same was true for the fractals tested in alt blocks: the median AIs in rep and alt trials were 10% and 3%, respectively. Note that the median high-gamma AIs were highly similar in the 2 blocks. The absence of a block effect for fractalstimuli high-gamma power AIs was confirmed in a two-way ANOVA with trial and block type as factors: there was a significant main effect of trial type (P < 0.0005) but neither a significant effect of block (P = 0.73) nor interaction (P = 0.14). For natural stimuli, the high-gamma power AIs were similar for rep and alt trials (median AIs across sites of both monkeys: 6% vs. 7%) trials in rep blocks. However, adaptation was stimulusdependent in alt blocks with the median AIs of 9% and 3% in rep and alt trials, respectively. Importantly, the degree of adaptation in rep trials did not differ significantly between rep and alt blocks (Wilcoxon matched pairs test, not significant) and in fact tended to be larger in alt than in rep blocks, which is opposite to the Summerfield et al. (2008) model. A two-way ANOVA on the high-gamma power AIs for natural stimuli showed a main effect of trial type (P < 0.05) but neither a significant effect of block (P = 0.37) nor any interaction (P = 0.55). Thus, for both fractal and natural stimuli, the LFP analyses did not support the hypothesis that adaptation results from reduced prediction error.
Control Analyses: Effect of Within-Block Trial Position
Following the fMRI approach of Summerfield et al. (2008) in the previous analyses, we pooled the responses across all trials (except the first 5 unaborted trials; see Materials and Methods) for all blocks of the same type. Given the high temporal resolution of single-cell recordings, we can also assess whether the degree of adaptation varies within a block. The perceptual expectation hypothesis of adaptation predicts that the degree of adaptation follows the build-up of the perceptual expectation during a block. Thus, one would expect an increase in the degree of adaptation within a rep block, since the system builds up the expectation of repetition. Within alt blocks, one predicts either a decrease or no change in adaptation, depending on whether or not there is an expectation of repetition at the start of the block. To test these predictions, we computed the AC index for the spiking activity in each unaborted trial of all neurons (see Materials and Methods). A positive AC index indicates suppression while negative values reflect enhancement of the response to the test stimulus compared with the adapter. We performed robust linear regression relating the AC indices for rep trials in rep blocks to the trial position within a block. Trial positions were defined using the unaborted trials, and the data of the first 5 trials of each block were included in this analysis. To maximize statistical power, we included all rep trials of all animals and of both stimulus sets. Despite the large number of trials involved in the analyses (rep trials in rep blocks: N = 19 754; rep trials in alt blocks: N = 6518), the slopes of the regression lines were not significantly different from 0 (rep trials in rep blocks: slope = -0.0002; rep trials in alt blocks: slope = -0.0004; ttests, all P values > 0.27; Fig. 7A ).
In the previous analysis, we pooled data of all blocks of the same type. It is possible that the expectation build-up in a particular block interfered with the expectation build-up in the next block, since successive blocks always differed in repetition probability (as in Summerfield et al. 2008 ). This concern can be addressed by restricting the analysis to the first block (either rep or alt block) for each neuron. When doing this, the slopes of the robust regression lines relating the AC indices and the trial position within a block were again not significantly different from 0 (rep trials in rep blocks: slope = -0.001, N = 2117; rep trials in alt blocks: slope = -0.001, N = 689; t-tests, all P values > 0.05). Thus, the degree of adaptation does not change during the course of a rep or alt block, even when the latter is the first one of a recording session.
Control Analyses: Effect of the Number of Preceding rep or alt Trials
If perceptual expectation causes adaptation, one predicts that adaptation increases as a function of the number of preceding rep trials and decreases as a function of the number of preceding alt trials. To assess this, we plotted the AC indices of the spiking activity in rep trials as a function of the number of preceding rep trials in rep blocks and as a function of the number of preceding alt trials in alt blocks (Fig. 7B) . Robust regression analysis showed no significant dependence of the degree of adaptation in a rep trial as a function of the number of preceding rep trials in rep blocks (slope = 0.002, N = 19 754; t-test, P = 0.008) or as a function of the number of preceding alt trials in alt blocks (slope = -0.0004, N = 6518; t-test, P = 0.83). To exclude the possibility that the absence of any effect of the number of preceding rep or alt trials on the degree of adaptation is due to interference from previous blocks, we performed the same robust regression analysis using only data from the first block for each neuron. Even for the first-block regressions, there was no significant effect on the degree of adaptation in rep trials from the number of preceding rep trials in rep blocks (slope = -0.0001, N = 2117; t-test, P = 0.98) nor from the number of preceding alt trials in alt blocks (slope = 0.002, N = 689; t-test, P = 0.73).
Control Analyses: Adaptation as a Function of Stimulus Effectiveness
In the Summerfield et al. (2008) fMRI study, the stimuli were faces and the analyzed BOLD responses were from the FFA. Since there was no effect of block type for either fractal or natural stimuli, it is unlikely that the discrepancy between our monkey and their human fMRI data is due to differences between the stimuli in the 2 studies. Our stimuli differed in the effectiveness with which they drove the neurons, but it is very likely that the same holds in the Summerfield et al. (2008) study despite faces being generally effective stimuli in the FFA. Indeed, one would expect that single FFA neurons show some degree of face selectivity and thus differ in their responses to the faces used by Summerfield et al. (2008) . Thus, one can safely assume that for some activated FFA neurons, a particular face image was an effective stimulus, while for other neurons, the same image was less effective. Hence, the total FFA activation pooled responses to ineffective and effective stimuli, which is similar to our analysis in which we pooled the responses to all stimuli irrespective of how strongly these were driving a neuron.
To directly examine whether differences in stimulus effectiveness in our study and that of Summerfield et al. (2008) can account for the discrepant results, we selected trials according to response strength. In an initial analysis, we selected for each neuron those trials for which the net response to either adapter or test stimulus was at least 75% of the maximum net response of that neuron. The first 5 trials of a block were excluded. The net response to the adapter stimuli in the selected rep trials, averaged across all neurons, was 64 spikes/s. The median AC index for rep trials in rep blocks was 0.14 (N = 613), which was equal to the median AC index for rep trials in alt blocks (0.14; N = 241; Mann--Whitney U test, not significant). In a second analysis, we considered only rep trials in which the net response to either adapter or test stimulus was at least 100 spikes/s. The median AC index for rep trials in rep blocks was 0.14 (N = 349), which did not differ significantly from the median AC index in rep trials in alt blocks (0.13, N = 123; Mann--Whitney U test, not significant). Setting the selection criterion to 50 or 75 spikes/s also yielded no significant effect of block type. These analyses show that the similar degrees of adaptation in rep and alt blocks were not due to the presence of ineffective stimuli in our sample.
Analysis of Eye Movements
To examine directly whether eye movements differed between conditions, we computed for each trial the number and amplitude of saccades within the same 250 ms analysis windows as used for the spiking data analysis (see Materials and Methods). For each neuron, we computed the mean saccadic rates during presentation of the adapter and test stimuli in rep and alt trials and for both types of blocks separately. Then for each combination of animal and stimulus set, we performed a repeated-measure three-way ANOVA with adapter versus test stimulus, trial and block type as repeated factors. The effects of condition on saccadic rates depended on an animal: monkey G showed a significant interaction between stimulus and trial type with an increase and decrease in saccadic rates for the test compared with the adapter stimulus in rep and alt trials, respectively. This interaction was present for both fractal and natural stimuli. Monkey M's saccadic rate did not show any significant effect of the manipulations, while monkey K showed a significant decrease of the saccadic rate for the test stimulus for both types of trials. Importantly, neither an effect of block type nor its interaction with other factors was present in all 4 cases. These effects of condition in the saccadic rate data (see Supplementary Material) agreed well with the trends obtained by using the standard deviations of the horizontal and vertical eye positions instead of the number of saccades in the same analysis windows (data not shown).
We performed similar ANOVA analyses as above using the mean saccadic amplitudes as input. Again, for both fractal and natural stimuli, monkey G showed an interaction between stimulus and trial type with larger and smaller saccadic amplitudes during test compared with adapter stimulus presentations in rep and alt trials, respectively. Monkey M showed main effects of stimulus and trial type with a decrease of saccadic amplitude for the test stimuli for both types of trials. Neither of these animals showed an effect of block type on the saccadic amplitude. However, monkey K showed a significant three-way interaction (P < 0.04) including block type. The effect of block type was specific for alternation trials (see Supplementary Material) with repetition trials showing smaller saccadic amplitudes for the test compared with the adapter stimuli. Note that although being statistically significant, these effects on saccadic amplitude were small, for example, in monkey K their maximum range was about 3 arcmins (see Supplementary Material).
Unlike these tiny, monkey-dependent eye movement differences, neural adaptation was present in each of the 4 cases (Fig. 3) . This suggests that the small differences in eye movements cannot explain the neural adaptation effects. To address this directly, we reran the analyses of the spiking activity, removing all trials in which there was a saccade detected during presentations of either the adapter or test stimulus. As shown in the Supplementary Material, the adaptation effects obtained after discarding trials with saccades (22% of the total number of trials) during stimulus presentation were very similar to those obtained with the full data: statistically significant stimulus-selective adaptation was present, and there was no effect of block type. Thus, we can safely conclude that eye movements cannot explain the neural adaptation effects or absence of an effect of block type. However, the eye movement analyses show that at least monkey G (and possibly monkey K) manifested a behavioral sensitivity to stimulus repetition versus alternation, since the eye movements of that monkey showed an interaction between stimulus and trial type.
Discussion
Contrary to the human fMRI study of Summerfield et al. (2008) , we found no effect of repetition probability on the degree of adaptation in macaque IT. The absence of such an effect was true for both spiking activity and LFPs. Note that we kept the timing parameters and stimulus repetition probabilities identical to those of Summerfield et al. (2008) and even increased the block length, which should have made our test more sensitive to repetition probability than that of Summerfield et al. (2008) . Further in-depth analyses also failed to find an effect of repetition probability on spiking activity. Moreover, results were similar in 3 monkeys, for artificial fractal and natural stimuli, and when only highly effective stimuli were selected. Despite the absence of a repetition probability effect, we observed stimulus-specific adaptation in each animal and for both stimulus sets. This indicates that the adaptation in macaque IT is unrelated to repetition probability.
What might be the reason of the absence of any effect of repetition probability in our macaque IT study? One potentially important difference between our paradigm and that of Summerfield et al. (2008) is that our monkeys were performing a passive fixation task while the subjects in the Summerfield et al. (2008) study were required to detect an inverted or sizedeviant face and thus were required to attend to the stimuli. However, one monkey (G) showed consistently different eye movements in rep and alt trials, which indicates that at least this animal was behaviorally sensitive to the repetition and thus likely attended to the stimuli in at least some of the trials. Moreover, Summerfield et al. (2008) noted that ''none of their subjects reported noticing the different frequencies of rep trials across blocks,'' indicating that conscious expectation of repetition is not required to obtain the repetition probability effect. Thus, it is unlikely that a potential failure to note the differences in repetition probability between the blocks by our animals can explain the discrepant results. A related argument is that our monkeys failed to build up an expectation of repetition, while the humans did. However, the belief that adaptation results merely from expectation of repetition and that our animals did not build up such expectations predicts no adaptation in our study, which is contrary to what we actually observed. Indeed, if one accepts the perceptual expectation model of adaptation, then the presence of adaptation logically implies that the subjects had an expectation of repetition. However, one then needs to explain why they had an expectation of repetition in the first place. In fact, the monkeys were exposed to much longer sequences of stimuli without repetition in the search test that always preceded the adaptation test, which favors an expectation of nonrepeated stimuli instead of one of repetition.
We were measuring spikes and LFPs, while Summerfield et al. (2008) measured BOLD. It cannot be excluded that expectation effects are stronger in hemodynamic responses than in spiking activity or even LFPs. Indeed, a recent monkey study showed anticipation-related vascular responses that were unrelated to local neural responses (Sirotin and Das 2009 ). Alternatively, it is possible that discrepancy between our monkey and their human data arises from a species difference. If so, this would suggest that adaptation in temporal cortex depends on different mechanisms in humans and monkeys, which is unlikely. A monkey fMRI study will be needed to distinguish between these alternatives. Summerfield et al. (2008) found only weak adaptation effects outside the FFA. Is it possible that the perceptual expectation model applies only to the FFA, explaining why we did not find it in monkey IT? This possibility is unlikely, since it would imply that the ''expectation model'' applies only to a restricted set of areas, necessitating a different explanation for adaptation in other areas. Also Summerfield et al. (2008) used only face stimuli. Is it possible that the perceptual expectation model applies only to the face stimuli? Our natural stimulus set included faces but we did not analyze these separately given the possible lack of statistical power. However, if the perceptual expectation model applied only for a restricted set of stimuli, such as faces, then one would still need to explain adaptation for other stimuli.
Unlike our previous studies of adaptation in IT (Vogels et al. 1995; Sawamura et al. 2006; Verhoef et al. 2008; De Baene and Vogels 2010) , stimuli in the present study were trial-unique, as in most fMRI adaptation studies. Note that repetition of a novel stimulus combines 2 different effects: a familiarity and a mere repetition effect (also called ''recency'' effect (Xiang and Brown 1998) . The former is absent when repeating a familiar stimulus. It is still unclear whether similar mechanisms underlie both effects. The degree of adaptation (median AI: 17%) that we observed for spiking activity was somewhat smaller than that observed by De Baene and Vogels (2010) (median AI computed on raw responses: 22%) for highly familiar stimuli, but this small difference may be due to the 200-ms longer interstimulus interval and 50-ms shorter exposure duration used in the present study. De Baene and found a similar degree of adaptation for spiking and high-gamma (60--100 Hz) activity which was not the case in our study: the high-gamma band adaptation was about half that found for the simultaneously measured spiking activity. The cause of the difference between the 2 studies is unclear given that, apart from the use of familiar versus novel stimuli, timing parameters also differed.
The presence of adaptation in spite of a lack of a repetition probability effect suggests that adaptation in macaque IT is not caused by a high-level build-up of expectations about repetition during the course of the test. If one argues that the manipulation of repetition probability did not affect the monkey's expectations, explaining the lack of an effect of repetition probability, one still needs to explain why there was adaptation in the first place. The only way to salvage the perceptual expectation model given the present data is to assume that the animals have a robust default expectation of stimulus repetition that is unaffected by the actual statistics of stimulus repetition. A simpler and thus preferable model of adaptation in IT is that it results from a combination of local synaptic depression (Zucker and Regehr 2002; Eytan et al. 2003) and inherited adaptation of preceding stages (De Baene and Vogels 2010). These mechanisms do not predict repetition probability effects, and thus agree with the present data. Also, unlike the perceptual expectation model, they can explain why adaptation in macaque IT is also present under anesthesia (Miller, Gochin, and Gross 1991) . One can speculate that the local adaptation mechanisms in IT-and at previous stages-implement a repetition prior, reflecting the stability of the world across short time scales. However, this concept differs from the perceptual expectation or prediction error hypothesis of adaptation that relies on expectation/predictionrelated feedback from hierarchically higher regions (Friston 2005) .
The present data do not rule out the possibility that higher order factors, such as attention or expectation can modulate adaptation. Attention has been shown to affect neuronal responses at several stages of the visual system (Maunsell and Treue 2006; Reynolds and Heeger 2009) including IT (Moran and Desimone 1985; Chelazzi et al. 1993; Jagadeesh et al. 2001) and thus it is expected that attention will influence adaptation strength when adapter and test stimuli are differentially attended. Similarly, expectation of a particular stimulus can affect the BOLD responses in several visual cortical areas (reviewed in Summerfield and Egner 2009; Alink et al. 2010) . However, to our knowledge, there is no single-cell, physiological evidence for a reduction of the response to an expected stimulus, as postulated by the prediction error model. In fact, both single-cell and LFP responses have been reported to decrease for an unexpected compared with an expected target (Anderson and Sheinberg 2008) . However, in that study, expectation of the time of stimulus occurrence was manipulated and not of stimulus identity.
In conclusion, we found no effect of stimulus repetition probability on adaptation of either spiking or LFP activity in macaque IT. The presence of adaptation without an effect of repetition probability conflicts with the ''expectation'' interpretation of adaptation that assumes adaptation depends on a strong, top-down, expectation-driven signal. These singlecell and LFP monkey data are in line with simpler bottom-up and local input fatigue mechanisms of adaptation. 
